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[1] We analyze the distribution of thin (optical depth < 0.40) cirrus in the tropics at
potential temperatures of 360, 370, 377.5, and 400 K, which are levels that bracket the
tropical tropopause. The observations were obtained between 29 September and
17 November 2003 by the Geoscience Laser Altimeter System (GLAS), carried on board
the Ice, Cloud, and land Elevation Satellite (ICESat). The GLAS data show that these thin,
near-tropopause cirrus (TNTC) occur over broad regions of the latitude range 20�S to
30�N, with distinct maxima collocated with regions of intense convection, and that TNTC
occurrence frequency decreases strongly with increasing altitude. At 377.5 K,
approximately the level of the tropical tropopause, TNTC frequency over convection is
two to six times larger than in the so-called ‘‘cold pool,’’ the climatological temperature
minimum located over the equatorial western Pacific where it has been suggested that
dehydration of air entering the stratosphere is occurring. Comparisons between assimilated
temperatures, outgoing longwave radiation (a proxy for deep convection), and TNTC
frequency show that TNTC can be found where assimilated temperatures are low and deep
convection is occurring. We find that assimilated temperatures, by themselves, are
incomplete predictors of TNTC locations.
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1. Introduction

[2] In recent years, it has become clear that the tropo-
sphere and stratosphere are separated by a transition layer
several kilometers thick [e.g., Atticks and Robinson, 1983;
Highwood and Hoskins, 1998; Folkins et al., 1999]. While
various definitions exist for this layer, often referred to as
the tropical tropopause layer (TTL), one oft-cited definition
puts the bottom boundary at the level of zero net radiative
heating [Sherwood and Dessler, 2000, 2001], which occurs
between 14.5- to 16-km altitude or 355- to 365-K potential
temperature [Folkins et al., 1999; Gettelman et al., 2004].
Air below the zero net radiative heating line is radiatively
cooling, sinking back to the surface as part of the tropical
overturning Hadley or Walker circulations. Air above this
level experiences radiative heating and rises toward the
stratosphere. The upper limit of the TTL is the level where
overshooting convection tails off, around 18 km [e.g.,
Alcala and Dessler, 2002]. The tropopause lies within the
TTL; various definitions of the tropopause exist, but they all
put its location somewhere around 375- to 380-K potential
temperature, about 1–2 km or 15- to 25-K potential
temperature above the base of the TTL.

[3] Thin (optical depth �1) cirrus within a kilometer or
so of the tropopause have recently garnered much attention
by the scientific community. They are potentially radiatively
important [e.g., McFarquhar et al., 2000; Hartmann et al.,
2001; Jensen et al., 1996] and potentially play a role in
dehydration of air entering the stratosphere [e.g., Holton
and Gettelman, 2001; Gettelman et al., 2002; Jensen and
Pfister, 2004; Luo et al., 2003]. While there are several
analyses of observations of these clouds [Wang et al., 1996;
Winker and Trepte, 1998; McFarquhar et al., 2000;
Mergenthaler et al., 1999; Nee et al., 1998; Sassen and
Cho, 1992; Dessler and Yang, 2003; Peter et al., 2003],
much about their distribution and formation mechanisms
remain uncertain, owing primarily to the difficulty of
observing them. In this paper, we present an analysis of
these clouds using a new, highly accurate satellite-borne
lidar data set, and discuss the implications of the analysis for
our understanding of these clouds’ formation mechanisms
as well as our understanding of the dehydration of air
entering the stratosphere.

2. ICESat/GLAS Measurements

[4] The Geoscience Laser Altimeter System (GLAS),
carried onboard the Ice, Cloud, and land Elevation Satellite
(ICESat), is a diode-pumped Q-switched Nd:YAG laser
operating in the near infrared (1064 nm) and visible
(532 nm). Measurements of attenuated backscatter from
the instrument are processed by the science team to produce
high-quality measurements of cloud properties over most of
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the globe [Spinhirne et al., 2005; Zwally et al., 2002].
During the period analyzed in this paper, 29 September to
17 November 2003 (the so-called ‘‘Laser 2a’’ period), the
measurements in the tropics were obtained around 8 am and
8 pm local solar time. Morning observations occurred
during daylight, with solar zenith angles ranging from 53�
to 85�. Evening observations occurred after sunset, with
solar zenith angles ranging from 95� to 128�.
[5] While the GLAS has two wavelengths, the data

analyzed in this paper are based exclusively on the
532-nm data. The 532-nm channel of GLAS employs
four Single Photon Counting Modules (SPCMs), which
have high sensitivity and low noise characteristics that are
optimal for thin cloud detection. GLAS can measure
optical depth down to about 0.002 at night and 0.02
during the day, with an uncertainty of 20% to 50%
[Hlavka et al., 2005; Palm et al., 2002].
[6] The SPCMs are sampled at 1.953 MHz, which trans-

lates to a vertical resolution of 76.8 m. In this paper, we use
the cloud tops and bottoms identified in the release 19
GLA09 data product [Hart et al., 2005; Palm et al., 2002].
This algorithm averages 4 s (160 laser shots) of calibrated,
532-nm attenuated backscatter to obtain one vertical profile
that is then examined for the locations of layers that exceed
a threshold based on the magnitude of molecular backscatter
and background noise. A cloud layer top is defined as that
height where the first of two consecutive GLAS data bins of
76.8 m (from above the cloud moving downward) exceed
the threshold; the bottom is that height where the first of two
consecutive bins are less than the threshold (from within the
cloud moving downward). During the 4-s period, the
satellite moves about 28 km, so this distance defines
the scale of features we are investigating. For a thorough
discussion of the instrument and its atmospheric measure-
ments, see Spinhirne et al. [2005] and the ICESat/GLAS
special section (Geophysical Research Letters, 32(21–22),
2005).
[7] Although the GLA09 algorithm requires two back-

scatter measurements to exceed a threshold before a cloud
edge is detected, the top bin will virtually always contain
the top of the cloud. Thus the inherent uncertainty of the
cloud height is equal to the SPCM resolution of 76.8 m. In
addition, GLAS measurements of cloud altitude are made
with respect to the geoid, an equipotential surface of the
Earth’s gravity field that most closely approximates mean
sea level (MSL). Differences between the geoid and MSL
can be as much as a few tens of meters. Combining all of
the sources of uncertainty produces a total uncertainty in
cloud height above MSL of less than 100 m.
[8] To facilitate our analysis of TTL thin cirrus, we will

convert GLAS measurements of geometric altitude to po-
tential temperature using assimilated meteorological fields
from the United Kingdom Meteorological Office (UKMO)
[Swinbank and O’Neill, 1994], which are produced on a
regular grid once per day. To calculate the potential tem-
perature of each cloud boundary, we assume that geometric
height above the geoid, which is measured by GLAS, and
geopotential height, which is reported in the meteorological
data sets, are equivalent. We then generate a geopotential
height-potential temperature relation for the location of the
GLAS measurement by interpolation of the UKMO mete-
orological fields to determine the potential temperature of

the cloud edges. This conversion introduces additional
uncertainties. The assumption that geometric height equals
geopotential height introduces an error of several tens of
meters in the upper troposphere, corresponding to an error
of a few tenths of a degree K of q. More significant are
errors in the meteorological fields. The UKMO temperature
fields tend to be warm-biased around the tropopause by as
much as 3 K [Randel et al., 2000], which translates into an
the uncertainty in cloud q in the neighborhood of 5–6 K.

3. Tropopause-Level Thin Cirrus

[9] We classify a thin, near-tropopause cirrus (TNTC) at a
given level as any cloud whose top and bottom bracket that
level (e.g., 360-K TNTC are those with tops above 360 K
and bottoms below 360 K) and whose simultaneously
measured optical depth (t), as reported in the release 19
GLA11 product, is below 0.40. The GLA11 algorithm uses
a signal-loss method to estimate the optical depth for the
thin clouds analyzed here. See Palm et al. [2002] for the
details of the algorithm.
[10] This optical depth screen is designed to include thin

cirrus but eliminate convective and thick anvil clouds from
the analysis. About 62% of clouds with tops above 355 K
have t below 0.40, 30% have t between 0.40 and �3, and
8% have t greater than �3. We will discuss the sensitivity
to this optical depth screen later. Finally, we include all
clouds fitting the criteria for TNTC in the analysis, irre-
spective of whether there are clouds above or below them.
[11] In this paper, we will analyze TNTC occurrence at

four potential temperatures: 360, 370, 377.5, and 400 K,
corresponding to geometric altitudes of 13.7–15.8, 14.6–
16.8, 15.1–17.4, and 16.2–18.5 km (altitude ranges are one
standard deviation about the mean, calculated from meteo-
rological data obtained from the Global Positional Satellite
(GPS) system [e.g., Rocken et al., 1997; Randel et al., 2003;
Hajj et al., 2004]). The 360-K potential temperature surface
is around the base of the TTL; the 370-K surface is about
halfway between the base of the TTL and the tropopause;
the 377.5-K surface is the average height of the cold-point
tropical tropopause during the laser-2a period; the 400-K
surface is �1 km above the tropopause.
[12] Figures 1–4 show the horizontal distribution of

TNTC frequency (the number of observations that show a
TNTC divided by the total number of observations). Virtu-
ally all of the plots show, to a greater or lesser extent,
maxima in the TNTC distribution in three general locations.
Two of these maxima are found over continental regions:
equatorial Africa and South America. The locations of these
continental maxima are approximately in the same location
at all altitudes in the TTL. The third is a large maximum
over the western Pacific. At 360 K, the western Pacific
maximum is approximately centered over the equator, while
at higher potential temperatures it shifts to the north of the
equator. In total, 4.6, 1.3, 0.5, and 0.04% of the GLAS
morning observations between 20�S and 30�N see a TNTC
at 360, 370, 377.5, and 400 K, respectively. In the evening,
the TNTC frequencies are 9.5, 5.6, 3.2, and 0.5%.
[13] Had we included all clouds that the GLAS laser can

penetrate (t < �3–4) instead of limiting ourselves to those
with t < 0.40, we would have found daytime frequencies of
6.9, 2.2, 0.9, 0.08% and nighttime frequencies of 13.7, 7.0,
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3.9, 0.6%. Figures 1–4 would have looked similar, except
the TNTC frequency would be increased by a factor of
�1.3.
[14] While distinct maxima are clearly visible, TNTC

occurrence is also widespread, with the 3% contour cover-
ing one half to three quarters of the area at night between
20�S and 30�N at 360, 370, and 377.5 K. TNTC become

less frequent as altitude increases, but we note that 400 K is
not the highest level that GLAS observes TNTC. Rather,
TNTC occur with decreasing frequency up to about 420 K,
with maxima remaining in the same locations.
[15] The location of the maxima in TNTC occurrence is

virtually the same in the morning and evening on all three
levels, suggesting that there is little diurnal cycle in the

Figure 2. Fraction of GLAS observations (in percent) containing a TNTC at 370-K potential
temperature, (a) morning data and (b) evening data. The contour interval is 3%.

Figure 1. Fraction of GLAS observations (in percent) containing a TNTC at 360-K potential
temperature, (a) morning data and (b) evening data. The contour interval is 4%.
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location of TNTC. There are fewer observations of TNTC
in the morning than in the evening at all four levels. One
must be careful about interpreting this diurnal cycle, how-
ever, since the greater sensitivity of the GLAS during night

(when there is no solar 532-nm radiation to confound the
measurement) is making a contribution of unknown mag-
nitude to the diurnal cycle. It may be possible to use the
GLAS1064-nm data, which are less susceptible to solar

Figure 3. Fraction of GLAS observations (in percent) containing a TNTC at 377.5-K potential
temperature, (a) morning data and (b) evening data. The contour interval is 1% for the morning plot and
2% for the evening plot.

Figure 4. Fraction of GLAS observations (in percent) containing a TNTC at 400-K potential
temperature, (a) morning data and (b) evening data. The contour interval is 0.5% for the morning plot and
1% for the evening plot.
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interference, to get a more accurate estimate of the diurnal
cycle of TNTC occurrence, but we have not pursued that in
this paper.
[16] The distribution shown is generally similar to the

SAGE II thin cirrus climatology of Wang et al. [1996]. In
the September-October-November panel of Wang et al.
[1996, Plate 4], there are three maxima in the thin cirrus
field: over Africa, South America, and the tropical western
Pacific; this agrees well with GLAS data, which also show
maxima in these regions. However, the exact locations of
the maxima show some differences with the GLAS data, the
most prominent being that the western Pacific maximum is
located well to the north of the equator in the GLAS data at
370 and 377.5 K, but centered on the equator at 15.5 and
17.5 km in the SAGE II data (note that the Wang et al.
figure is small, so it is difficult to confidently determine the
exact latitude of the maximum). One plausible explanation
is the differing time periods: SAGE II data were averaged
over September, October, and November of a 6-year period
(1985–1990), while GLAS data were obtained during one
7-week period of 2003.
[17] A more puzzling difference is that SAGE II sees far

higher occurrence frequencies than GLAS. For example,
SAGE II sees thin cirrus occurring >40% of the time at
17.5 km in the western Pacific. The GLAS data, however,
show TNTC at 377.5 K occurring in 12% (evening) and 4%
(morning) of the observations in this region. Similar differ-
ences between SAGE and GLAS occur in other locations
and at other altitudes. The most obvious explanation for
these differences in occurrence frequency concerns the
differing viewing geometries of the satellites: SAGE II
measures the integrated horizontal optical depth of the
clouds, while GLAS measures the optical depth in the
vertical. For clouds that fill the SAGE II field-of-view,
optical depths as low as 2 � 10�4 km�1 are measurable.
Such clouds could easily go undetected by GLAS. Addi-
tionally, optically thick clouds that fill a small fraction of the
SAGE II field-of-view could also be counted as thin cirrus,
but would not be counted as TNTC by GLAS.
[18] The lower frequencies observed by GLAS appear to

be consistent with those from other lidar data sets. The Lidar
In-Space Technology Experiment (LITE) made measure-
ments for 53 hours during a flight of the space shuttle in
September 1994, with a nighttime optical depth detection
limit of 0.001–0.004, similar to GLAS. Winker and Trepte
[1998] reported ‘‘laminar’’ cirrus (cloud top height > 15 km,

thickness < 1 km) in about 14% of their nighttime tropical
observations. GLAS sees such clouds in 11% of its night-
time observations over the same latitude range (20�S–
30�N). McFarquhar et al. [2000] reported tropopause cirrus
(cloud bottom height > 15 km) in 29% of their airborne lidar
observations taken in March 1993 in the equatorial western
Pacific, and these clouds had a mean thickness of 0.47 km.
GLAS see such clouds in 22% of the nighttime observations
between 10�N–10�S and 135�E–155�E, with a mean
thickness of 0.69 km. Ground-based observations at Nauru
Island (0.5�S, 166.9�E) detected single-layer cirrus with
base heights > 15 km in 14% of the observations with an
average thickness of 0.44 km [Comstock et al., 2002].
Nighttime GLAS data taken around this site (3�S–3�N,
164�E–169�E) find clouds in 9% of the observations, with
an average thickness of 0.99 km. Given the differences in
the sampling periods of these data sets, the agreement
appears reasonable.

4. Analysis

[19] To put the horizontal distribution of TNTC into
context, we plot in Figure 5 outgoing longwave radiation
(OLR), averaged over the laser-2a period (on the basis of
the NOAA Interpolated OLR data set [Liebmann and
Smith, 1996]). Low values of OLR indicate regions of deep
cumulus convection. The OLR data show relatively con-
fined minima over equatorial Africa and South America, as
well as a broad minimum over the western Pacific. Also
evident are the intertropical convergence zone and the
South Pacific convergence zone.
[20] At all altitudes in the TTL, there is a general

correspondence between TNTC maxima and OLR minima
(this is a point also made by Clark [2005]). The coincidence
is especially tight over equatorial Africa and South Amer-
ica. In the western Pacific, there are generally high values of
TNTC frequency and generally low values of OLR. How-
ever, the details of the western Pacific’s TNTC maxima do
not line up exactly with the minima in OLR; for example,
the OLR minimum at 90� longitude and over the equator is
not collocated with a maximum in TNTC frequency. We
will discuss this extensively later in this section.
[21] Figure 6 shows the average temperature of the 360-,

370-, 377.5-, and 400-K potential-temperature surfaces
during the laser-2a period. As with OLR, there is a clear
relationship between the TNTC frequency and temperature,

Figure 5. Outgoing longwave radiation (OLR) in W m�2 averaged over the Laser-2a period
(29 September to 17 November 2003).
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with TNTC forming more frequently as the temperature
decreases.
[22] To demonstrate the relationship between TNTC

occurrence and TTL temperature more clearly, we have
assigned to each GLAS measurement a temperature at 360,
370, 377.5 and 400 K by interpolating daily UKMO
temperature fields to the GLAS measurement locations. In

Figure 7, we show the fraction of GLAS measurements that
contain a TNTC as a function of local temperature.
Throughout the TTL, TNTC frequency increases as the
local temperature decreases. This is consistent with our
intuition, which suggests that clouds should form more
frequently as the temperature decreases. The exception is
at the coldest temperatures at 360 K, one sees that TNTC

Figure 6. Average temperature (K) at 360-, 370-, 377.5-, and 400-K potential temperature based on
UKMOmeteorological fields. Also shown (white contours) is evening TNTC frequency from Figures 1–4.

D08203 DESSLER ET AL.: ICESAT/GLAS TROPOPAUSE-LEVEL THIN CIRRUS

6 of 10

D08203



frequency decreases as the temperature decreases. This
behavior is somewhat puzzling, but without coincident
measurements of water vapor, which are not available, we
cannot unambiguously identify a reason for the behavior. It
does, however, begin to suggest that, while temperature is
important to TNTC formation, it is not the entire story.
[23] The decrease in TNTC frequency on the 360-K surface

at the coldest temperatures is not the only puzzling aspect to
the GLAS data. At 377.5-K potential temperature, for exam-
ple, Figure 6 shows that TNTC frequencies greater than 12%
occur over equatorial Africa and South America, but temper-
atures there are at least 1.5 K warmer than over the cold pool
straddling the equator at 180� longitude, where TNTC fre-
quencies are 2–6%. This stands in contrast to the trajectory-
based microphysical model of Jensen and Pfister [Jensen and
Pfister, 2004, 2005], which places the maximum thin cirrus
occurrence at 380-K potential temperature where the temper-
atures are coldest, and predicts virtually no TNTC above
continental convection over Africa and South America.
[24] We hypothesize that the presence of convection is

playing a role in TNTC formation. To detangle the competing
roles of temperature and convection on the formation of
TNTC, we have also assigned to each GLAS measurement a
value of OLR by interpolating the daily OLR fields to the
location of each GLAS measurement. Next, we take all
GLAS measurements in a 3-K temperature range (using the
interpolated UKMO daily temperatures used in Figure 7) and
plot the fraction of GLAS observations that observe a TNTC
as a function of OLR. This is shown in Figure 8, broken into
land and ocean data.
[25] Figure 8 shows that, at all levels in the TTL and at any

fixed temperature, TNTC frequency increases as OLR
decreases from �300 W m�2 (i.e., clear skies) to �200–
250 W m�2 (relatively convective). The one exception is the
oddly shaped 191-K line on the 360-K potential temperature
surface over land, whichwe feel is likely a statistical anomaly.
As OLR continues to decrease below �200 W m�2, the
behavior is harder to characterize: at some altitudes and
temperatures, TNTC frequency continues to increase; at
others it decreases; at still others, it increases, then decreases.
[26] What can explain the increase in TNTC frequency as

OLR decreases from 300 to 200 W m�2 at a fixed

temperature? One possible explanation is that the UKMO
temperatures have an OLR-dependent bias (i.e., the
real temperature becomes progressively colder than the
UKMO-reported temperature as OLR decreases). We tested
this by doing the same analysis using the NCEP reanalysis
[Kalnay et al., 1996], and found the same result. This does
not mean that a bias does not exist, but it does suggest that
some aspect of the assimilation system that is common to
these two systems would have to be responsible.
[27] One possible explanation that would be common to

all assimilated temperature fields is the neglect of temper-
ature fluctuations driven by waves that are not resolved by
assimilation data systems, in particular, convectively gen-
erated gravity waves. Because these waves are generated by
convective activity [e.g., Pfister et al., 1993; Alexander and
Holton, 1995; Tsuda et al., 2000], we would expect their
occurrence to correlate with OLR. If TNTC were forming
during negative temperature fluctuations induced by gravity
waves, then the trends in TNTC frequency in Figure 8 would
make sense.
[28] The importance of temperature fluctuations has been

discussed in the literature before: Potter and Holton [1995]
speculated that temperature variations driven by convec-
tively generated buoyancy waves may play a role in
dehydrating the tropical lower stratosphere, while Boehm
and Verlinde [2000] showed observational evidence that
TNTC formed during wave-driven negative temperature
fluctuations. Comstock et al. [2002] found a similar result
for lower-level cirrus clouds.
[29] Jensen and Pfister [2004, section 2.2] discuss in

detail the importance of unresolved variability for accurately
simulating the cloud and water abundance of the TTL. To
account for it, they added latitude-dependent but longitude-
independent variability to the assimilated temperature fields
driving their model. Their predicted cloud field shows no
preference for TNTC to form over regions of intense
continental convection, where GLAS finds abundant TNTC,
likely a result of the longitude independence of their
synthetic variability.
[30] Gettelman et al. [2002] added latitude- and longi-

tude-independent synthetic variability to the assimilated
temperature fields driving their model. Their model produ-

Figure 7. Fractional occurrence of TNTC (in percent) as a function of local temperature. The 400-K
line has been multiplied by five for clarity. GLAS data were obtained in the evening and at latitudes
between 20�S and 30�N.

D08203 DESSLER ET AL.: ICESAT/GLAS TROPOPAUSE-LEVEL THIN CIRRUS

7 of 10

D08203



ces simulations of continental maxima that are in reasonable
qualitative agreement with satellite observations. We do not
know why the model of Gettelman et al. more successfully
predicts the continental maxima than the model of Jensen
and Pfister despite less realistic synthetic variability.
[31] A second potential explanation for the observed

OLR-dependence of the TNTC frequency is that TNTC
are being directly injected into the TTL by convection.
Analysis of tracer data [e.g., Dessler, 2002] has shown that
convection does indeed transport significant mass to these
altitudes, and analysis of satellite cloud data [e.g., Massie et
al., 2002; Clark, 2005] also supports this mechanism, so we
must certainly consider this a possibility.
[32] We also note that the diverse behavior of the TNTC

frequency as OLR decreases below 200 W m�2 (at some
altitudes and temperatures, TNTC frequency increases to
large values; at others, it goes to zero) suggests that other
details besides temperature and OLR are important. For
example, microphysical calculations [e.g., Jensen et al.,
1996, 2001] suggest that the formation of TNTC can be a
function of parameters such as the rate of cooling or the size
of the temperature perturbation, which are not necessarily
well described by OLR. Neither are updraft velocity, over-
shoot height, and detrainment mass flux well constrained by
OLR [e.g., Sherwood et al., 2004].
[33] At the present time, we cannot determine the relative

importance of in situ formation during wave-driven low-
temperature excursions vs. direct injection of cloud material
by convection on the TNTC distribution. It seems likely that

both mechanisms are working, to some extent, but under-
standing the exact balance is crucially important. Jensen
and Pfister [2004] argue that, if formed in situ, TNTC will
almost always lead to dehydration of the TTL. TNTC
directly injected by convection, on the other hand, might
lead to hydration if the cloud particles evaporate in the TTL.
[34] In either case, our results suggest a revision of the

cold-pool dehydration theory may be necessary. Holton and
Gettelman [2001] used an idealized two-dimensional model
to argue that dehydration occurs preferentially during hor-
izontal transport through the ‘‘cold pool,’’ the climatological
cold region located over the equatorial western Pacific.
Several investigators have followed up on this idea by
using realistic trajectories driven by assimilated meteoro-
logical fields to more accurately examine the temperature
history of the air entering the stratosphere [Fueglistaler et
al., 2004, 2005; Bonazzola and Haynes, 2004]. They find,
in agreement with Holton and Gettelman, that the minimum
temperature and saturation mixing ratio is experienced by
parcels most often in the equatorial western Pacific cold
pool [e.g., Fueglistaler et al., 2005, Figure 5]). If the
assumption is made that condensation and irreversible
sedimentation occurs during these cold events, then reason-
able values of stratospheric humidity can be simulated,
including interannual variations.
[35] Our work here suggests the actual situation is more

complicated. The GLAS data show that TNTC maxima
form where assimilated temperatures are sufficiently low
and coincident with convection. While dehydration may be

Figure 8. Fractional occurrence of TNTC (in percent) over (a) land and (b) ocean as a function of OLR
at four potential temperature levels. Each line is constructed from GLAS observations within a 3-K
temperature range and is marked with the minimum temperature of the bin; e.g., the 200-K line at 360-K
potential temperature includes those GLAS measurements whose daily temperature at 360 K was
between 200 and 203 K. Only temperature/OLR bins with at least 100 GLAS observations are included.
GLAS data were obtained at latitudes between 20�S and 30�N.
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occurring in the cold pool, our results suggest that processes
going on outside of the cold pool are also potentially
important for understanding the abundance of water enter-
ing the stratosphere.

5. Conclusions

[36] In this paper, we have analyzed tropical cloud height
data from the Geoscience Laser Altimeter System (GLAS),
carried onboard the Ice, Cloud, and land Elevation Satellite
(ICESat), obtained between 29 September and 17 Novem-
ber 2003 (the so-called ‘‘Laser 2a’’ period). These data
provide a new view of the global distribution of thin, near-
tropopause cirrus (TNTC).
[37] We have investigated the occurrence of TNTC at

four potential temperatures: 360 K, around the base of the
TTL; 370 K, about halfway between the base of the TTL
and the tropopause; 377.5 K, the average height of the
tropopause during this period; and 400 K, �1 km above the
tropopause.
[38] The GLAS data show that maxima in TNTC tend to

occur over regions of intense convective activity: equatorial
Africa and South America, both of which are the site for
vigorous continental convection, and the western Pacific,
which is a site of significant oceanic convection. Intrigu-
ingly, the GLAS see fewer clouds in the so-called ‘‘cold
pool,’’ a climatological temperature minimum located over
the equatorial western Pacific where it has been suggested
dehydration of air entering the stratosphere is occurring.
[39] Comparing assimilated temperatures with TNTC

occurrence, we see that temperature clearly plays a role
(Figure 7), but these temperatures are, by themselves, an
incomplete predictor of the distribution of TNTC. At a fixed
temperature, TNTC frequency generally increases as
collocated outgoing longwave radiation (OLR) decreases
(Figure 8), suggesting that convection plays a role in TNTC
formation other than through its impact on synoptic-scale
temperature of the TTL.
[40] We have not determined the physical mechanism that

connects convection to TNTC occurrence. It might be due
to temperature perturbations arising from convectively gen-
erated gravity waves, which are not resolved by assimilated
meteorological systems. Or it might be due to direct
injection of ice into the TTL by convection. This is a
significant question. Jensen and Pfister [2004] argue that,
if formed in situ, TNTC will almost always lead to dehy-
dration of the TTL. TNTC directly injected by convection,
on the other hand, might lead to hydration if the cloud
particles evaporate in the TTL. Clearly, determining exactly
what physical process is forming the TNTC is crucial for
understanding the water budget of the TTL.
[41] Finally, we note that data analyzed in this paper

come from a single period in late 2003, the Laser-2a period
of the GLAS mission, and one for which no water vapor
data were available. We must be cognizant that a longer data
set, or one with more ancillary data, might reveal important
new details and either confirm these results or show them to
be a statistical abnormality. We look forward to analyzing
other GLAS periods, as well as data from the upcoming
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
(CALIPSO) and Aura missions in order to gain a more
thorough understanding of the issues.
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